Growing evidence highlights the crucial physiological functions of microglia that rely on their phagocytic activities, which can be compromised with age. A new study reports the impaired clearance of myelin debris by microglia in the brain, leading to insoluble lysosomal inclusions and contributing to the immune dysfunction and senescence of these cells.
In the central nervous system (CNS), myelin is synthesized by oligodendrocytes, forming a specialized multilamellar membrane that enfolds sections of axons and is responsible for the electrophysiological characteristics allowing the conduction of signals along axons [1] . Although recent studies have reported a role for oligodendrocyte-axon communication in the regulation of axon ensheathment (i.e. myelination) [2, 3] , the mechanisms implicated in the maintenance and remodeling of the myelin sheath remain unclear. Under physiological conditions, myelin components, namely cholesterol and phospholipids, are metabolically stable due to their long half-lives, but their integrity and function must be preserved by the replacement of defective molecules [4] . Since myelin proteins are tightly packed within the multilamellar membrane, it is still unknown how myelin turnover occurs in the white matter. A recent study published in Nature Neuroscience [5] has now hypothesized that myelin can enter the degradative system in part via its fragmentation into the extracellular space, with the resulting myelin fragments then being taken up by the phagocytes of the CNSmicroglia.
Microglia are the resident macrophages of the brain and represent the main active immune cells in the CNS. These mononuclear phagocytes arise from hematopoietic progenitors in the yolk sac during embryogenesis and are generated in the postnatal stage just after the formation of the blood-brain barrier [6, 7] . In the adult brain, the microglial population pool is maintained by local self-renewal, which is dependent on colony-stimulating factor 1 receptor signaling, a key regulator of myeloid lineage cells [6] . These innate immune cells are actively implicated in the maintenance of the brain's homeostasis by constantly surveying the neuronal environment in order to migrate quickly to sites of inflammation and/or damage [8] . Quiescent microglia (Figure 1 ) are highly ramified, sensing any change occurring in their immediate microenvironment [9] and contributing to neuronal plasticity and connectivity [10] . The chemokine C-X3-C motif ligand 1 (CX3CL1 or fractalkine) is secreted by neurons and binds to its receptor CX3CR1, which is expressed on the surface of microglial cells in the healthy brain, thus playing a crucial role in regulating microglial dynamic surveillance and migration throughout the brain parenchyma [11] . This signaling pathway is directly implicated in brain functional connectivity, including the survival of developing neurons and the maintenance of developing and mature synapses, as well as in adult hippocampal neurogenesis and the behavioral outcome, such as cognitive functions [10] . Once activated by CX3CL1-CX3CR1 signaling, microglia acquire an amoeboid shape and perform numerous macrophage-like immune functions, including secretion of soluble mediators and phagocytosis [12] . As such, activated microglia ( Figure 1 ) upregulate several key surface markers involved in phagocytic activity, namely macrophage antigen complex (Mac)-2 and scavenger receptors [12] . These cells then adopt different phenotypes depending on the molecular cues present within their microenvironment. Microglial activation phenotypes vary between two extremes: a classically activated M1 phenotype that is involved in pro-inflammatory actions, and an alternatively activated M2 phenotype that is mostly involved in antiinflammatory actions and tissue repair [7] . These physiological functions of activated microglia mainly rely upon phagocytic activities and the secretion of soluble mediators, and both of these properties can be altered during aging. More precisely, age-related factors can affect numerous key functions of microglia via the induction of cell senescence, mitochondrial dysfunction and impaired intercellular communication [13] , thus compromising the CNS microenvironment and the integrity of myelin sheaths.
In the recent study, Simons and colleagues [5] investigate the impact of age-related myelin breakdown on microglial functions, such as their ability to degrade myelin debris. As a first observation, the authors found a progressive accumulation of myelin fragments inside microglial cells in the white matter of aging wild-type mice (i.e. up to 24 months old), as detected by the colocalization of myelin basic protein (MBP) and proteolipid protein (PLP) immunoreactive puncta with ionized calcium binding adaptor molecule 1 (Iba1). This accumulation was accompanied by increased levels of phagocytic markers in the microglia of aged mice, such as CD68-and Lamp1-positive lysosomes as well as Mac-2 (also known as Galectin-3) (Figure 1 ), which is involved in myelin phagocytosis [14] . Moreover, analysis of purified microglia from 12-month-old mice revealed an enrichment of insoluble aggregated MBP, demonstrating that the aggregated form of MBP is preferably associated with microglial cells. This finding was confirmed by the presence of increased numbers of lipofuscin granules, which contain lipid-based lysosomal digestion products, within microglia in the brains of aged mice. The authors then applied purified myelin to organotypic cultures in order to evaluate the contribution of microglia to myelin fragment uptake. Importantly, they observed a rapid increase in lipofuscin granules in 15% of microglial cells following 3 days of myelin uptake, thus indicating that microglia actively participate in the clearance of myelin debris, a process associated with the accumulation of non-degradable lysosomal inclusions (i.e. insoluble aggregated MBP) within microglial cells in the aged brain.
Since microglia seem to participate in myelin debris uptake, the authors investigated whether inhibition of lysosomal degradation could lead to the accumulation of aggregated MBP in young animals, using conditional Rab7 knockout mice in which lysosomal function was specifically abrogated in microglial cells (Rab7DMG). In Rab7DMG mice, MBP-immunoreactive puncta in microglia appeared earlier than in wild-type aging mice (i.e. at 9 months old rather than 18 months old). This observation was accompanied by a more extensive and frequent accumulation of lipofuscin granules within microglial cells of Rab7DMG mice, which was highly associated with the presence of FluoroMyelin-positive debris. Interestingly, the microglia of Rab7DMG mice displayed several hallmarks of senescence (Figure 1 ), such as fragmented and shortened processes, upregulation of class II major histocompatibility complex (MHC-II) expression and decreased phagocytic capacity. Additionally, RNAseq analyses Thereafter, Simons and colleagues [5] postulated that the degradative capacity of microglia could be surpassed at a younger age in mice if myelin fragmentation were increased. As such, the authors induced myelin breakdown by feeding wild-type mice with cuprizone for 4 weeks, and then removed cuprizone from the diet to allow for remyelination. Animals were evaluated for up to 37 weeks following cuprizone-induced demyelination, and an increase in lipofuscin granules was detected within microglia in cuprizonefed mice compared with control mice, as early as 9 weeks after the cessation of cuprizone feeding (Figure 1 ). This observation was accompanied by significant upregulation of MHC-II 9 weeks after myelin fragmentation, thus suggesting that microglial activation can be triggered earlier once demyelination has occurred.
In a final experiment, the authors used a mouse model for Pelizaeus-Merzbacher disease (PMD), in which animals overexpress the wild-type Plp1 gene [15] , thus compromising the long-term stability of myelin proteins and leading to a progressive myelin breakdown. The authors reported that the progressive demyelinating phenotype observed in PMD mice was accompanied by an increased number and activation of microglial cells (Figure 1 ). Lipofuscin granules within microglia increased more rapidly in the white matter of PMD mice compared with that of wild-type mice, suggesting an impaired uptake capacity of microglia in this model. Altogether, the experiments performed in normal aging, Rab7DMG, cuprizone-fed and PMD mice models have clearly shown that the degradative capacities of microglia are limited or even impaired once myelin breakdown occurs.
Simons and colleagues [5] have robustly demonstrated that myelin fragmentation in the aging brain exceeds the degradative capacity of microglia, thus promoting microglial senescence and immune activation, in line with a previous study reporting that aging microglia display an altered inflammatory profile [16] . However, some questions remain. How does myelin burden promote the formation of lysosomal inclusions within microglia over time? Can we rescue microglial degradative capacity in the aging brain? As mentioned, aging induces several changes throughout the organism, including the brain [13] . Age-related factors promote microglial senescence, which is associated with reduced self-renewal capacity and impaired clearance capacity [17] . As such, following toxin-induced demyelination, it has been shown that aged rats exhibited delayed recruitment of phagocytic cells compared with young ones, which is accompanied by reduced clearance of myelin debris [18] , thus suggesting that microglial dysfunction is a consequence of aging. Simons and colleagues [5] go further by investigating this phenomenon during normal aging and in different models of lysosomal deficiency or myelin breakdown, thus highlighting a direct contribution of myelin debris overload in the impairment of the degradative capacity of microglia.
Enhancing microglial phagocytic functions while limiting inflammation could therefore be a promising approach for rescuing myelin debris clearance, particularly given that microglial cells are easily targetable. In that regard, macrophage-colony stimulating factor could have particularly potent effects since the phagocytic capacities of microglia are enhanced following an acute administration of this cytokine as demonstrated by improved amyloid-b clearance from the brain in a mouse model of Alzheimer's disease [19] . In addition, the potentiation of CX3CL1-CX3CR1 signaling in microglia could be another promising therapeutic avenue, since the loss of this pathway in cx3cr1 -/-mice considerably abrogates the phagocytic activities of these cells, thus leading to impaired clearance of myelin debris [20] . Future studies aiming to modulate these functions in the aging brain must first attempt to elucidate the molecular mechanisms involved in the formation of microglial lysosomal inclusions, which possibly cause the agerelated dysfunction of these cells.
Newly available genome sequences of two Mucoralean fungi, Phycomyces blakesleeanus and Mucor circinelloides, provide evidence for an ancient whole-genome duplication that contributed to the generation of expanded gene families. These fungi have robust responses to light that can be correlated with the expansion of gene networks involved in light sensing and signaling.
Zygomycete fungi are distinctive, earlydiverging lineages of the fungal tree of life that inhabit a broad range of ecosystems and include the order Mucorales, a commonly found group of molds [1] . Almost 200 years ago, the Phycomyces were first described as species with large aerial hyphae, named sporangia, with what look like small round balls attached to the end of a stalk ( Figure 1 ) [2] . Since that time, Phycomyces blakesleeanus has served as a useful model for the study of perception in fungi and of how fungi process environmental signals. P. blakesleeanus is a (mostly) innocuous mold commonly isolated from dung and general organic matter [3] , and early work explored its metabolic regulation and the incredible sensitivity of the stalk-like sporangiophores to sense and orient towards light sources as faint as starlight [4] . P. blakesleeanus continues to be studied for its ability to respond rapidly to light and other environmental cues, and has inspired a variety of researchers including Max Delbrü ck to study metabolism and phototropism responses [4, 5] . Methods for mutagenesis and performing sexual crosses have been developed for P. blakesleeanus, but gene deletions via replacement are not yet possible [6] . Mucor species and the related Rhizopus fungi are some of the fastest-growing fungi known and are common soil dwellers. M. circinelloides, in particular, is found on woody surfaces and soils, but if introduced to humans, especially through a skin wound, is a dangerous and difficultto-treat pathogen that can lead to an often-severe, flesh-eating disease [7] . The role of specific genes in the biology and pathogenesis of M. circinelloides has been investigated with forward genetics via RNAi knockdown screens [8] . Isolation of recessive mutants in Mucormycotina fungi has low success rates because the coenocytic mycelium and spores have multiple nuclei in the same cell, but gene deletion and RNAi have been successful in Mucor species. Although the linking of genes to function remains a challenge for fungi in these clades, genomic and transcriptomic approaches are feasible and can assist in generating hypotheses about gene functions.
In a recent study published in Current Biology, Corrochano and colleagues [9] have now reported on the genome sequences and analyses of M. circinelloides and P. blakesleeanus, and have identified an extensive expansion of genes involved in transferring information within fungal cells. Comparison of these species to their relatives has also provided additional perspective on recent evolution of zygomycete fungi. The generation of a genome sequence is as much about what can be learned from the initial sequencing as what will be enabled in the future. Comparative genomics of many of these species has already provided some perspective on which genes are necessary for high-temperature growth and animal-associated lifestyles [10] . Studies of the fungal kingdom are benefiting from the increased application of genomic technology [11] . The early diverging fungi, especially, are seeing focused genomic sampling through projects like 1KFG (http://1000. fungalgenomes.org) and Zygolife (http:// zygolife.org). Population genomic studies
